Bacteria of the facultative anaerobic gram-positive genus
Listeria are widely distributed in the environment, particularly the closely related species Listeria monocytogenes and L. innocua. Both of these Listeria spp. are frequently found in food products, where they can grow over a pH range of 4.39 to 9.40, even at refrigeration temperatures. Ingestion of foods contaminated with L. monocytogenes can result in listeriosis, a severe infectious disease characterized by meningoencephalitis, abortion, septicemia, and a high fatality rate (30%). Listeriosis predominantly affects certain risk groups, including pregnant women, newborns, elderly people, and immunocompromised patients. L. innocua, in contrast, is nonpathogenic, and its presence in foods is no hazard to human health (20, 25, 35, 37, 41) . Human listeriosis outbreaks are most often associated with ready-to-eat food products that are consumed without prior cooking (8, 36) . To err on the side of caution, food safety regulations have tended to adopt a zero-tolerance attitude for L. monocytogenes in these products (9) . However, as clinical cases of listeriosis are usually associated with high loads of L. monocytogenes (6, 8) and as it is difficult to eradicate listeriae from the environment of food-processing plants (11) , the International Commission on Microbiological Specification for Foods concluded that 100 CFU of L. monocytogenes per g of food is acceptable for consumers not in risk groups (29, 31) . A prerequisite for the general adoption of this less stringent criterion is the availability of appropriate laboratory methods for the differentiation of L. monocytogenes and L. innocua and for the specific and precise quantification of L. monocytogenes in food.
As well as not always being reliable, conventional bacteriological methods for the detection and quantification of L. monocytogenes are laborious and time-consuming and require individual biochemical confirmation of the species in a number of isolated colonies (7) . These drawbacks are overcome by PCR-based methods, particularly by the development of realtime PCR (RTi-PCR), which is highly specific and can very accurately quantify target DNA (which is directly related to the size of the bacterial population present in the sample). As this quantification is based on the emission of a fluorescence signal as the specific PCR progresses, no post-PCR manipulations are required. This feature reduces the risk of cross-contamination in the laboratory and permits high throughput and automation (reviewed in reference 22) .
A potential problem that can seriously compromise the applicability of the RTi-PCR technique for quantification purposes is the existence of interstrain variability in the target DNA sequence. Although sequences exhibiting a certain degree of divergence can still be detected, primers and probes anneal less efficiently to nonidentical target sequences, resulting in weak signals and underestimation of the amount of DNA in the sample. Most PCR assays for L. monocytogenes are based on the detection of the virulence genes hly and iap, encoding the hemolysin listeriolysin O (27) and the invasionassociated surface protein p60 (23) , respectively. A number of RTi-PCR assays based on these targets have been developed (12, 18, 24, 29) , but the quantification abilities of these assays were assessed with only one L. monocytogenes isolate. While the hly gene is relatively well conserved in all L. monocytogenes strains, the iap gene is not. Although iap contains conserved portions at the 5Ј and 3Ј ends, its central region is highly variable and contains sequence polymorphisms even among strains of the same serovar (5, 26, 33) .
Here we evaluated the usefulness of the hly and iap genes as targets for the specific quantitative detection of L. monocytogenes by RTi-PCR. Specific, sensitive, and accurate quantification of L. monocytogenes was consistently achieved with the hly-based assay. The iap-based assay, in contrast, yielded heterogeneous results, and reliable quantification was possible only when homologous strains or strains belonging to the same serovar-related phylogenetic branch were tested. We also developed an efficient quantitative PCR assay for L. innocua based on the detection of lin02483 gene sequences. Finally, we assessed the new AmpliFluor system (Intergen Co., Purchase, N.Y.) for the detection of food-borne pathogenic bacteria. In contrast to the widely used TaqMan system, which requires an energy tranfer-labeled probe specific for each PCR assay, the AmpliFluor technology uses a universal energy transfer hairpin primer (UniPrimer) which emits a fluorescence signal when unfolded during its incorporation into an amplification product. The UniPrimer contains a 3Ј Z tail sequence that is also present at the 5Ј end of one of the target-specific primers so that it anneals to the PCR product and acts as a universal PCR primer. In our experiments, the AmpliFluor and TaqMan technologies performed similarly, with only slight differences in detection and quantification limits.
MATERIALS AND METHODS
Bacterial strains, culture media, and growth conditions. One hundred Listeria
welshimeri, and 12 L. ivanovii strains) and 45 non-Listeria strains were used in this study (Tables 1 and 2 ). They were maintained at Ϫ80°C in Luria-Bertani or MRS (lactic acid bacteria) broth supplemented with 15% (vol/vol) glycerol. Listeria strains were grown in brain heart infusion broth at 37°C, and non-Listeria strains were grown in MRS broth or tryptone soya broth at 30°C. For plate cultures, 1.5% (wt/vol) agar was added to these media. All media were purchased from Oxoid (Hampshire, United Kingdom).
DNA isolation and quantification. Bacterial genomic DNA was isolated from planktonic overnight cultures by using a Wizard genomic DNA purification kit (Promega, Madison, Wis.) according to the manufacturer's recommendations. DNA concentrations were determined by using PicoGreen (Molecular Probes, Inc., Eugene, Oreg.) and luminescence spectrometer LS50B (Perkin-Elmer Corp., Norwalk, Conn.). Concentrations were further checked by agarose gel electrophoresis and ethidium bromide staining. UV fluorescence emission was recorded and quantified by using Quantity One software (Bio-Rad Laboratories Inc., Hercules, Calif.).
Oligonucleotides. Primer Express, version 2.0, software (Applied Biosystems Division, Perkin-Elmer Corp., Foster City, Calif.) was used to design oligonucleotides targeting the L. monocytogenes hly gene (GenBank accession no. M24199) (27) and iap gene (GenBank accession no. X52268) (23) and the L. innocua lin02483 gene (http://genolist.pasteur.fr/ListiList/). The oligonucleotides were purchased from MWG-Biotech AG (Ebensburg, Germany).
PCR. TaqMan RTi-PCR assays were performed and evaluated essentially as described by Hernández et al. (13) with TaqMan PCR core reagents (Applied Biosystems-Roche Molecular Systems Inc., Branchburg, N.J.) and a 20-l reaction volume containing 1ϫ PCR TaqMan buffer A (including 5-carboxy-Xrhodamine [ROX] as a passive reference dye); 4.5 mM (iap reactions) or 6 mM (hly and lin02483 reactions) MgCl 2 ; 200 M each dATP, dCTP, and dGTP; 400 M dUTP; 50 nM primers; 100 nM probe; 1 U of AmpliTaq Gold DNA polymerase; 0.2 U of AmpErase uracil N-glycosylase; and 1 l of the target DNA solution. Reactions were run on an ABI Prism 7700 apparatus (Applied Biosystems Division, Perkin-Elmer) with the following program: 2 min at 50°C, 10 min at 95°C, and 50 cycles of 15 s at 95°C and 1 min at 63°C. AmpliFluor RTi-PCR assays were performed with a 20-l reaction volume containing 1ϫ Ex Taq buffer (TaKaRa Bio, Inc., Shiga, Japan), 1.5 mM MgCl 2 , 250 M each deoxynucleoside triphosphate, 50 nM hlyZ primer, 500 nM hlyQR primer, 500 nM UniPrimer (Intergen Co., Purchase, N.Y.), 1 U of TaKaRa Ex Taq polymerase, and 1 l of the target DNA solution. The conditions for AmpliFluor RTi-PCR assays were 4 min at 95°C and 45 cycles of 15 s at 95°C, 20 s at 55°C, and 40 s at 72°C. Fluorescence was measured only at the melting point.
TaqMan and AmpliFluor RTi-PCR assays were evaluated by using sequence detection system software, version 1.7 (Applied Biosystems Division, PerkinElmer). Quantification was performed by interpolation in a standard regression curve of threshold cycle (C T ) values generated from samples at known concentrations. Negative values or a lack of amplification for RTi-PCR was set at a C T value of Ͼ50 or Ͼ45 for the TaqMan or the AmpliFluor system, respectively. Unless otherwise stated, all reactions were performed in triplicate. The 95% confidence interval was calculated for every serial dilution. The calculations were performed according to a binomial distribution (21) by using the SAS statistical software system for Windows, version 8.0 (SAS Institute Inc., Cary, N.C.).
Conventional PCR assays were performed under the same conditions as those used for TaqMan RTi-PCR assays, except that PCR buffer II was used instead of PCR TaqMan buffer A. PCR products were detected by ethidium bromide staining after electrophoresis in 3% agarose gels.
Sequencing of hly and iap gene fragments. L. monocytogenes genomic DNA was PCR amplified with primers hlyF and hlyR (512-bp fragment) and primers iapF and iapR (687-bp fragment) ( Table 3 ) in 50-l reaction mixtures containing 1ϫ PCR buffer II, 1.5 mM MgCl 2 , 200 M each deoxynucleoside triphosphate, 0.9 M primers, and 1 U of AmpliTaq Gold DNA polymerase. Reactions were performed by using GeneAmp PCR system 9600 (Applied Biosystems Division, Perkin-Elmer) and the following program: 10 min at 95°C; 40 cycles of 20 s at 95°C, 30 s at 56°C (hly) or 53°C (iap), and 1 min at 72°C; and a final extension of 7 min at 72°C. The PCR products were purified by using a QIAEXII gel extraction kit (Qiagen, Hilden, Germany) and sequenced on both strands with the same primers by using an ABI Prism Big Dye Terminator, version 3.0, cycle sequencing kit and an ABI Prism 377 DNA sequencer (Applied Biosystems Division, Perkin-Elmer).
Nucleotide sequence accession numbers. The partial hly and iap DNA sequences from 13 different L. monocytogenes strains (Table 1) can be found in the GenBank database under accession numbers AY174657 to AY174669 (hly) and AY174670 to AY17682 (iap).
RESULTS
Design and optimization of L. monocytogenes-and L. innocua-specific RTi-PCR assays. Regions suitable for the design of L. monocytogenes-specific PCR primers and probes were identified by aligning all hly and iap sequences deposited in public databases by using the CLUSTALW multiple-alignment tool (European Bioinformatics Institute, EMBL; www.ebi.ac .uk). L. innocua-specific oligonucleotides were designed on the basis of the lin02483 gene (10). The BLAST-N tool (National Center for Biotechnology Information; www.ncbi.nlm.nih.gov) was used to confirm that none of the selected oligonucleotides ( EGD-e 1/2a
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Materials and Methods) were the minimum primer and probe concentrations giving the lowest C T value and the highest fluorescence intensity for a normalized reporter value (PerkinElmer Applied Biosystems User Bulletin 2 [ABI Prism 7700 sequence detection system], 1997). These conditions yielded the largest quantity of amplification product from the corresponding target DNA in conventional PCR assays. Specificity of the assays. The capacity of our PCR assays to discriminate between target and nontarget bacteria was tested by using as a template 1 ng of genomic DNA (Ϸ3 ϫ 10 5 CFU) from 100 Listeria strains and 45 non-Listeria strains. Only the target species were detected by both RTi-PCR and conventional PCR (Tables 1 and 2 ). Tests were also performed with a representative set of strains (13 L. monocytogenes, 4 L. innocua, 21 other Listeria, and 33 non-Listeria strains) by using as a template either 1 l of an overnight liquid culture or a colony from an agar plate. The results were the same as those obtained with purified genomic DNA. These data indicated that the PCR assays were specific for L. monocytogenes and L. innocua.
Sensitivity and quantification range of the assays. The detection and quantification limits of the PCR assays were determined by using genomic DNA isolated from overnight cultures of L. monocytogenes strain UdG 1010 and L. innocua strain CECT 910. Amplification reactions were performed with a range of DNA concentrations equivalent to approximately 3 ϫ Table 4 shows the mean 
SLCC 3954, CIP 100100 C T values for a total of nine replicates in three independent experiments. The RTi-PCR assays yielded similar results in terms of absolute detection values. Positive amplification in all nine replicates of each DNA dilution was achieved when 8 or more target molecules were present (15 for lin02483), and as few as 1 target molecule could be detected with 33 to 55% probability (11% for lin02483) ( Table 4) . Conventional reactions consistently detected the target molecules when at least 60 target molecules were present and could detect 15 target molecules with a 44% probability. The slopes of the linear regression curves calculated over a 5-log range were similar to the theoretical optimum of Ϫ3.32 (17) and showed that the amplification rates were very efficient (Ϫ3.49, hly; Ϫ3.52, iap; and Ϫ3.67, lin02483). Moreover, R 2 values were above 0.996, indicating that the RTi-PCR systems were highly linear. The confidence intervals based on the standard deviations of C T values did not overlap each other down to 15 target molecules, indicating that reliable quantification was possible above this limit. Experimental results were also statistically significant (P Ͻ 0.05), taking into consideration the error associated with the serial dilutions.
The sensitivity of the RTi-PCR assays was investigated by using intact bacterial cells instead of DNA. Tenfold dilutions of overnight cultures of L. monocytogenes UdG 1010 and L. innocua CECT 910 were used as templates in the RTi-PCR assays and were plated in parallel to count the bacterial CFU. The overall detection limit for the RTi-PCR assays was 30 CFU, although just 3 CFU were detected in 55.55% (lin02483), 66.66% (iap), and 88.89% (hly) of the replicates (Table 5) . Linear regression analysis of C T values and bacterial numbers in the reactions yielded R 2 values (above 0.996) and slopes (Table 5 ) similar to those obtained with purified genomic DNA, indicating that our RTi-PCR assays potentially can be used to quantify accurately the L. monocytogenes or L. innocua populations present in a sample.
Relative accuracy of quantification. A series of experiments were conducted with the same bacterial cultures to determine the exact degree of correspondence between the quantitative data obtained by the RTi-PCR assays and those obtained by the standard plate count technique (1), used as a reference monocytogenes UdG 1010 and L. innocua CECT 910, were extrapolated to the corresponding standard regression curves, previously calculated experimentally, and the resulting theoretical CFU numbers were compared to those obtained by plate counting (Table 6 ). The values differed by less than 23% over a 5-log range, indicating excellent relative accuracy. Ribotyping and virulence gene polymorphism studies have shown that most L. monocytogenes isolates belong to two main serovar-related evolutionary branches: division I, comprising serovars 1/2b, 3b, and 4b (and some serovar 3c and 4c isolates), and division II, comprising serovars 1/2a, 1/2c, and 3a. A more distant subbranch, division III, comprises serovar 4a and most serovar 4c isolates (4, 19, 28, 32-34, 42, 44) . The strain that we used to construct the standard curve, UdG 1010, belongs to serovar 1/2c, as does strain L028 (27) , used to design the hlyQF and hlyQR primers. Virtually no sequence polymorphisms exist between serovar 1/2c and serovar 1/2a, which includes strain EGD-e (23), used to design the iapQF and iapQR primers. We therefore tested a strain from another homology group, CECT 935, of serovar 4b (division I). The quantification accuracy was unaffected in the hly-based RTi-PCR assay; however, the iapbased RTi-PCR assay underestimated the real bacterial load by 3 to 4 log units (Table 6) .
Impact of target gene sequence polymorphisms on the quantitative performance of the L. monocytogenes-specific RTi-PCR. The above results prompted us to investigate in more detail the effect of interstrain hly and iap target sequence polymorphisms on our RTi-PCR assays. The hly-and iap-based RTi-PCR strain tested. Interestingly, the C T values were distributed into two categories that coincided with the serotype-related phylogenetic divisions of L. monocytogenes (see above). Thus, strains of division II serovars had C T values (mean and standard deviation) of 19.24 Ϯ 0.79, whereas strains of division I or III serovars had significantly higher (P Ͻ 0.05) C T values (23.80 Ϯ 1.30). The results of these analyses are represented in Fig. 2A , in which the iap C T values were normalized to those of the hly reaction (i.e., iap C T Ϫ hly C T ) as a reference to control for possible variability due to differences in DNA quantity or quality. According to our data, L. monocytogenes strains belonging to division II have an iap/hly C T value of Ͻ3 (mean value, 1.09), and those belonging to divisions I and III have an iap/hly C T value of Ͼ3 (mean value, 5.56) (Fig. 2A) . Interestingly, our assay identified serovars 4d and 7 as belonging to division I or III.
We sequenced the iap target region from a sample of 13 representative L. monocytogenes strains to identify the polymorphisms underlying the observed variability in quantitative RTi-PCR performance. The hly target region was also sequenced as a control. No mismatches were detected in any of the sequences corresponding to the hly-specific primers and probes (Fig. 2B) . Multiple alignments of the sequenced 512-bp hly fragment, including that derived from strain EGD-e, of serovar 1/2a (10), showed a high degree of interstrain sequence conservation, with only minor differences between serovars in division II and division I or III (96.7 to 100% identity) (nucleotides Ϫ143 to ϩ369 of the sequence in GenBank accession no. M24199). The iap target sequences from strains of division II serovars (iap/hly C T value, Ͻ3), which were perfectly quantifiable with our iap-based assay, were also identical to the primer and probe oligonucleotides (with the exception of a single mismatch within the probe target sequence in a serovar 1/2a strain). In contrast, target sequences from strains of division I or III serovars (iap/hly C T value, Ͼ3), which showed poor quantification results, exhibited three or four mismatches com- pared to primer and probe oligonucleotides (Fig. 2B) . The sequence of the 687-bp iap fragment analyzed (positions ϩ148 to ϩ835 of the sequence in GenBank accession no. X52268) confirmed that the overall degree of divergence in the iap gene was high (pair distances as low as 89.5%) and included transitions, transversions, and deletions, with clear differences between division II and division I or III serovars.
Assessment of AmpliFluor technology. We also carried out a series of experiments to assess the performance of AmpliFluor technology for the quantitative detection of L. monocytogenes by RTi-PCR. We used the same hlyQF and hlyQR primers, the former including a Z tail sequence (hlyZ), and the optimal conditions described in Materials and Methods. For the same samples, AmpliFluor assays were as specific as TaqMan assays, although the detection limit of the former was slightly higher (Table 4 ), equivalent to that of conventional PCR assays. The AmpliFluor reactions were efficient and showed a linear and accurate relationship between the C T value and the initial DNA concentration over a 5-log range (slope of the linear regression curve, Ϫ4.67; R 2 , 0.999). Quantification was reliable when 60 or more target molecules were present. The AmpliFluor assays also performed adequately when L. monocytogenes cells were used as a template (Table 5) , allowing reliable quantification of 300 target CFU and detection of 30 CFU in 22% of the replicates.
DISCUSSION
In this study, we developed and compared quantitative RTi-PCR assays directed against the listerial virulence genes hly and iap, two targets commonly used in PCR-based methods for detection of the food-borne pathogen L. monocytogenes (12, 18, 24, 29) . We also developed a quantitative RTi-PCR assay targeting the lin02483 gene of L. innocua, a nonpathogenic species closely related to L. monocytogenes that is also frequently found in foods but is harmless to the consumer (8, 11, 41) . The availability of rapid molecular assays able to distinguish among these Listeria spp. would be of great value for assessing the risks of food-borne listeriosis and preventing the unnecessary recall and destruction of valuable food products. As these Listeria spp. are genetically and ecologically similar (10, 40, 41) , the detection and quantification of L. innocua could also be a useful indicator of potential contamination by L. monocytogenes in food plants. Our RTi-PCR assays unequivocally distinguished target samples from nontarget samples, demonstrating their absolute specificity. Moreover, they performed perfectly not only with purified DNA but also directly with broth-or agar-grown bacterial cultures, meaning that it should be possible to use them for the specific identification of L. monocytogenes and L. innocua under routine laboratory conditions.
Perhaps one of the most challenging aspects of designing methods for the detection of food-borne pathogens is achievement of a low detection limit. This goal is of particular interest for L. monocytogenes, as it is often present in low numbers in food products (7, 8) . The RTi-PCR assays that we developed could detect approximately one target genome in at least 11% of the experiments, 3 CFU in 55 to 89% of replicates, and 30 CFU in all cases. Detection limits were similar to those previously reported for other RTi-PCR assays targeting single-copy genes (14, 15, 16, 29) . Limits of detection of 9 (18), 6 to 60 (29) , and 500 (24) target molecules were previously reported for hly, and six genome copies were reported for iap (12) .
The quantification accuracy of our assays was excellent compared to that of the reference microbiological method (relative quantification accuracy) (2) under optimal conditions; i.e., the RTi-PCR results were very similar to the quantitative results obtained by the plate count method over a wide range of CFU for the standard curve strains. However, the performance of RTi-PCR and, thus, its detection limit and quantification accuracy, depend on the degree of conservation of the target sequence(s) of the particular microorganism being analyzed. Strains of L. monocytogenes have been divided into three serovar-related homology groups or divisions on the basis of gene sequence diversity (19, 26, 28, 33, (42) (43) (44) . To ensure that our hly-and iap-based RTi-PCR assays were appropriate for the precise quantification of an L. monocytogenes strain regardless of its genetic background, we extensively evaluated our oligonucleotides by using a large panel of isolates of serovars representative of the three phylogenetic divisions of the species. The hly-based RTi-PCR assay always yielded perfectly homogeneous results with all of the strains tested and had excellent quantification accuracy for bacteria from serovars belonging to different homology groups (i.e., divisions I, II, and III), indicating that this assay can be applied to the entire species L. monocytogenes. Preliminary results obtained with different L. innocua strains indicated that the species-specific lin02483 RTi-PCR assay behaves similarly.
The situation was completely different with the iap-based RTi-PCR assay. Although this assay targets the 5Ј conserved portion of the iap gene, our results demonstrated that it was reliable only for L. monocytogenes strains from the same homology group as the strain used to design the primers and probe (division II). Although strains from different homology groups (divisions I and III) yielded positive amplification signals, the efficiencies of the reactions were too low, and quantification was not possible. These results indicate that the iapbased assay cannot be routinely used for the quantitative detection of L. monocytogenes under field conditions. These results also highlight the need to assess primers and probes for quantification purposes carefully and exhaustively, by using a large and comprehensive collection of isolates representative of the biodiversity within the target species, before an RTi-PCR assay is adopted for routine quantitative testing. Finally, they show that target sequences prone to genetic variability must be avoided even when a conserved region is selected. This issue is not trivial, because a number of RTi-PCR assays targeting iap were recently described for the quantitative detection of L. monocytogenes (12, 24) . The frequency of spontaneous mutations in prokaryotes, aggravated by the relative abundance of hypermutation phenotypes among certain pathogenic bacteria (3, 30) , therefore appears to be a potential limitation of RTi-PCR-based methods for the quantitative detection of bacterial pathogens in natural samples.
Analysis of the target sequences in a sample of isolates representative of the three homology divisions of L. monocytogenes showed that the number of mismatches in the primer and probe sequences is directly correlated with the efficiency of the RTi-PCR. Strains with target sequences containing three or four mismatches in the iap-specific primers and probe (di- (Fig. 2) . In contrast, strains with target sequences identical to the iap-specific primers and probe (division II serovars) were very efficiently amplified and had C T values close to those obtained in the hly-based assay. It must be noted that two strains of serovar 1/2a (division II) exhibited a single mismatch in the probe sequence which slightly increased the C T value (Fig. 2) . The observed correlation allowed us to establish a cutoff for iap-based RTi-PCR C T values (3 cycles after normalization to hly-based C T values) that divided the L. monocytogenes strains into two statistically different groups corresponding to division II and to division I or III ( Fig. 2A ). An example is strain PAM 602; this strain was originally classified as L. seeligeri but, according to its C T value, corresponded to a division I L. monocytogenes strain. Reidentification and serotype determination confirmed that PAM 602 was indeed L. monocytogenes serovar 1/2a ( Table 1 ), suggesting that the iap-based RTi-PCR assay could be used in conjunction with the "universal" hly-based assay for rapid discrimination between division II and division I or III L. monocytogenes strains. This application is interesting because most clinical isolates of L. monocytogenes belong to division I (primarily serovar 4b, followed by serovar 1/2b), whereas division II isolates are less frequently associated with disease (in particular, serovar 1/2c, which is frequently found in food but rarely found in listeriosis patients) (4, 28, 33, 38, 42, 44, 45) . Within division II, the iap-based assay discriminated strains of serovar 1/2a harboring point mutations in the probe sequence (serovar 1/2a has been shown to split into two sequence homology groups) (39) (Fig. 2A) . Finally, we also assessed AmpliFluor technology for the quantification of L. monocytogenes by using primers targeting the hly gene. We compared the efficiency of this technique with that of the TaqMan system. The AmpliFluor assay was, like the conventional PCR assay, slightly less sensitive, as the detection limit was 15 target molecules. The quantification limit was also slightly less favorable with the AmpliFluor assay (60 target molecules versus 15 with the TaqMan assay). Otherwise, the accuracies were high with both techniques (R 2 values of Ͼ0.996), and the linearity persisted up to 3 ϫ 10 6 molecules (data not shown). Although in our experiments the AmpliFluor technique was slightly less efficient than the TaqMan technique, it offers the theoretical advantage of being less sensitive to mutations in the target DNA because it does not require a third (probe) target sequence. It is also more cost-effective when different genes are to be targeted because of the use of the universal fluorigenic UniPrimer and is easy to adapt on the basis of previously established conventional PCR systems. This is the first time that a universal RTi-PCR probe (UniPrimer, based on a Z tail sequence, which is claimed to be nonexistent in nature) has been used for the specific detection and quantification of a food-borne pathogen. We show experimentally that it does not cross-react with a number of bacterial species (Tables 1 and 2 ).
In conclusion, we report highly specific, sensitive, and reliable RTi-PCR assays for the quantitative detection of L. monocytogenes and L. innocua. The assays show excellent quantification characteristics in terms of both linear dynamic range and relative accuracy with respect to the standard plate count technique, thus offering a promising alternative to traditional microbiological methods. We also warn about the dangers of using genes prone to genetic variability as targets for RTi-PCR-based detection of food-borne pathogens and emphasize the necessity of extensively checking assays with the broadest possible panel of representative strains, as interstrain sequence polymorphisms affecting target sequences can result in an underestimation of the bacterial load present in a sample by several orders of magnitude.
